Experimental data from protein engineering studies and NMR spectroscopy have been used by theoreticians to develop algorithms for helix propensity and to benchmark computer simulations of folding pathways and energy landscapes. Molecular dynamic simulations of the unfolding of chymotrypsin inhibitor 2 (CI2) have provided detailed structural models of the transition state ensemble for unfolding͞folding of the protein. We now have used the simulated transition state structures to design faster folding mutants of CI2. The models pinpoint a number of unfavorable local interactions at the carboxyl terminus of the single ␣-helix and in the protease-binding loop region of CI2. By removing these interactions or replacing them with stabilizing ones, we have increased the rate of folding of the protein up to 40-fold ( ‫؍‬ 0.4 ms). This correspondence, and other examples of agreement between experiment and theory in general, ⌽-values and molecular dynamics simulations, in particular, suggest that significant progress has been made toward describing complete folding pathways at atomic resolution by combining experiment and simulation.
Efforts are being made to describe the folding pathways of proteins at atomic resolution by experiment using ⌽-value analysis (1-6) and NMR (7) (8) (9) (10) and by simulation using molecular dynamics (MD) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . ⌽-value analysis infers structure of transition states and intermediates from measurements of changes in energetics of kinetics and equilibrium thermodynamics on mutation of structure (1) (2) (3) (4) (5) 21) . NMR is particularly useful for obtaining information about denatured and partly folded states (22, 23) . MD simulation, on the other hand, has the potential of describing the complete energy landscape during folding at the atomic level. MD is applied most readily to unfolding, from a known native structure, and the folding process inferred from microscopic reversibility (24, 25) . There is uncertainty in the interpretation of MD simulations because of the extrapolation from high temperatures or other extreme conditions and the use of empirical energy functions and empirical methods for identifying transition states. The importance of ⌽-value analysis is that it is the only experimental procedure that provides evidence about side chain interactions in transition states, and these can be used to benchmark MD simulation and check its reliability. Thus, simulation and experiment can complement one another to provide an in-depth and testable reconstruction of proteinfolding pathways. We are using this approach to characterize the transition state of folding͞unfolding of chymotrypsin inhibitor 2 (CI2) (6, (12) (13) (14) 27) .
CI2 folds by simple two-state kinetics from a relatively expanded denatured state through only a single detectable transition state ensemble (26) (27) (28) . Both experiment and simulation indicate that the transition state for folding of CI2 is an ensemble of structures with a nearly intact single ␣-helix (residues [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , and a disrupted ␤-sheet, except for a portion of the ␤-sheet that participates with the ␣-helix in the formation of the folding nucleus (6, 14, 19) . Lattice simulations (29, 30) , energy landscape methods (31) , and MD simulations (12) (13) (14) 19) have shown good agreement with the experimental data. An analysis of a set of MD simulations by Lazaridis and Karplus (19) has led to a reconciliation of the ''New View'' of protein folding with the ''Old'' (19) . If models generated by MD are able to capture the essential structural features of a protein-folding reaction, then we are on the path toward solving the protein-folding problem. This idea calls for experimental tests of predictions that emerge from the simulation of transition state structures. To this end, we have identified particular interactions in our four wild-type transition state ensembles, generated with MD (13, 14) , that appear to destabilize the transition state.
Specifically, we have identified two regions of structure in which mutation may speed up folding. The first is at the C terminus of the single helix. Asp-23 stabilizes the native protein by making a salt bridge with Lys-2. But, the presence of an aspartate at the C terminus of an isolated helix is destabilizing. The Asp-23-Lys-2 salt bridge is broken in the simulated transition state, giving rise, effectively, to an isolated helix (Fig. 1) . The second region involves a cluster of arginines-Arg-46, Arg-48, and Arg-62 (Fig. 2) . The hydrophobic portions of these side chains stack, leading to close guanidinium groups and electrostatic repulsion. This unfavorable arrangement is partly relieved by a network of hydrogen bonds with the carboxylate of the C-terminal residue Gly-64. We have constructed site-specific mutants to disrupt interactions in these two regions, and the mutants do indeed fold faster than wild type. This is notable because most mutations result in slower folding proteins. Furthermore, denaturation simulations of the mutants were performed and transition state ensembles were identified. This completes the cycle and allows us to pinpoint the specific interactions responsible for stabilization of the mutant transition states. These combined studies provide a basis for rational design of faster folding proteins.
helical region (residues 12-24 of CI2) plus five-and fourflanking residues at the N-and C-termini, respectively. Predictions were made for the helical region excluding the flanking residues, at pH 6.3, 298 K, a free N terminus, and an amidated C terminus. We determined the peptide helicity experimentally by titrating the peptides with trifluoroethanol and measuring the change in the ellipticity at 222 nm (34) .
Mutagenesis and Protein Purification. Mutant CI2 proteins were engineered by inverse-PCR mutagenesis (35) , using the pJB2 CI2 expression vector (36) as the DNA template. The sequenced DNA vectors were transformed in Escherichia coli strain NM554, which was grown at 37°C to an absorbance of 0.5 before overnight induction with 1 mM isopropyl ␤-Dthiogalactoside. The wild-type and mutant proteins were purified to homogeneity as published (6) and stored in the liquid phase of nitrogen. Molecular masses were checked by both matrix-assisted laser desorption ionization-time of f light (MALDI-TOF) and electrospray ionization (ESI) mass spectrometry (A.G.L. and P. Skelton, Cambridge University Chemical Laboratory Mass Spectrometry Service).
Equilibrium Denaturation and Folding Kinetics. All CI2 proteins were analyzed kinetically and thermodynamically as described (6, 26) .
CI2 Sequence Homology Searches. The wild-type, truncated CI2 gene was aligned to its sequence homologues by using the program PHD (37) . Two sequences with a low sequence similarity scoring were removed (the two genes removed were a E. coli chaperonin GroEL fragment and one from DNA polymerase Klenow fragment). Our sequence alignments therefore differ from earlier reported sequence alignments (30) .
MD Simulations. The four wild-type transition states (TS1-TS4) and a control simulation have been described (14) . New Interactions between the ␣-helix and N-terminal loop of CI2. Lys-2, Glu-7, Lys-18, and Asp-23 are shown for the native protein, the four wild-type transition state models (14) , and the DA23 and KR18͞DR23 mutant transition state structures (at 125 and 560 ps, respectively). Lys-2, Glu-7, and Asp-23 comprise a salt-bridge network in the native state that is disrupted in the transition states. Asp-23 does not interact with Lys-2 and Glu-7 in three of four wild-type transition state models. Asp-23 contributes adversely to the stability of the isolated single ␣-helix in the transition state due to close interactions with unpaired carbonyl groups at the end of the helix and the lack of compensatory favorable interactions after the N terminus pulls away. The models were drawn using the programs MOLSCRIPT and RASTER3D (54) (55) (56) .
FIG. 2.
Electrostatic interactions in the protease-binding loop region of CI2. The figure shows residues Arg-46, Arg-48, Arg-62, and the C-terminal carboxyl group (labeled with a C in italics) in the native protein, the four wild-type transition state models (14) and the RF48 transition state structure (475 ps). Replacement of Arg-48 by Phe leads to the diminution of charge repulsion in the transition state and heightened hydrophobic packing interactions. The models were drawn by using the programs MOLSCRIPT and RASTER3D (54, 55 All simulations were at neutral pH (Lys and Arg residues were positively charged and Asp and Glu residues were negatively charged). The starting structures were minimized for 500 cycles to reduce any bad contacts before performing MD. After minimization, water molecules were added around the protein to fill a rectangular box, with walls at least 8 Å away from any protein atom (Ϸ2,400 waters). The density of the solvent was set to the experimental value for 498 K, 0.829 g͞Å 3 (42, 43) by adjusting the volume of the box, resulting in at least a 10-Å shell of waters. Periodic boundary conditions were used to minimize boundary effects. Because solvent molecules were explicitly present, no macroscopic dielectric constant was needed.
The resulting systems were then prepared for MD. A total of 1,000 cycles of conjugate-gradient minimization followed by 1,000 steps of MD were performed on the water molecules. The water molecules were then minimized again for 1,000 cycles. Following that, the protein was minimized for 1,000 cycles, which was followed by minimization of the entire system for 1,000 cycles. After the above preparations, atoms in the system were assigned velocities according to a Maxwellian distribution. Atoms were allowed to move according to Newton's equations of motion, and the velocities of the atoms were adjusted intermittently until the system reached the desired temperature, which usually takes about 2-3 ps. No further velocity scaling was needed after that point. A 2-fs (1 fs ϭ 10-15 second) time step was used for both the preparation steps and the full simulation. An 8-Å nonbonded cutoff was used, and the nonbonded list was updated every five cycles. The mutant simulations were carried out for 1,000 ps each, which was sufficient to unfold the protein and yield C ␣ root-mean-square deviations of 7-10 Å, which is in line with what is observed for simulations of the wild-type protein (13) . Transition states for the mutants were identified by using a conformational clustering procedure, as described previously (11) (12) (13) .
RESULTS AND DISCUSSION
Improving Local Interactions Along the Helix in the Transition State. Lys-2 forms salt bridges with Glu-7 in strand ␤ 1 and Asp-23 at the C terminus of the ␣-helix in the native state (Fig. 1) . This highly conserved salt bridge contributes to the stability of the native state; the mutation DA23 decreases stability by 0.96 kcal mol Ϫ1 (Table 1 ). The MD simulations on the unfolding of CI2 (12) (13) (14) 19) predict that the ␣-helix is well formed in the transition state, but one of the earliest events in the simulated unfolding is the displacement of the N-terminal residues 1-11 from the C terminus from the helix (Fig. 1) . As a result, the Lys-2-Asp-23 interaction is not formed in three of our four rate-determining transition states for unfolding (and hence for folding). The C terminus of the helix is stabilized primarily by local interactions in the transition state. In this structural context, residue Asp-23 makes unfavorable interactions with the helix dipole (44) (45) (46) or more precisely the unpaired, main chain carbonyl groups at the C terminus of the helix.
The single ␣-helix of CI2 is only weakly populated in the denatured state of the full-length protein, as probed by NMR (J. Y. Tan, K. B. Wong, and A.R.F., unpublished results) and MD (S. Kazmirski and V.D., unpublished results), and in peptide models (47) (48) (49) . Using the helix propensity algorithm AGADIR (32, 33), we have improved the propensity of CI2 peptides corresponding to the ␣-helix to adopt helical conformations by mutating the C terminus of the helix, Asp-23 to Ala or Arg and also Lys-18 to Arg, which are all stabilizing mutations. The wild-type peptide is predicted to show 2% helicity, close to the experimental value of 3 Ϯ 1% for the model peptide (Table 1 ). The mutations DA23 and KR28͞ DR23 stabilize the isolated helix. The mutant KR18͞DR23, for example, is calculated to be 10% helical, and we find 8 Ϯ 2%. *Equilibrium denaturation experiments with guanidinium chloride (GdmCl) were performed as described (6) . The free energy of unfolding, ⌬GD-N, varies according to denaturant concentration as follows:
. † Determined by titration of the CI2 peptides with trifluoroethanol in 10 mM sodium phosphate, pH 6.3, 25°C (34) . This procedure gives the free energy of formation of the helix, ⌬G, which is related to the equilibrium constant, K, by ⌬G ϭ ϪRT ln K. The fraction of formed helix is then defined as K͞(K ϩ 1). ‡ mD-N is the denaturant dependence of the equilibrium unfolding transition and [GdmCl] 50% is the denaturant concentration at which 50% of the protein is unfolded. § The change in free energy of equilibrium unfolding of the mutant and wild-type proteins, ⌬(⌬G D-N H 2 O ), was calculated using an average mD-N value of 1.94 kcal mol Ϫ1 M Ϫ1 (6) . ¶ The peptide helicity is calculated by the prediction program AGADIR (32, 33) . The wild-type peptide sequence ELVGK-(SVEEAKKVILQDK)-PEAQ is the input sequence for the program and the conditions are: pH 6.3, 298 K, free N terminus and amidated C terminus. The helicity shown above is the average helicity in the helical region (indicated by the sequence in brackets), which corresponds to residues (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) We predict that the DA23 and KR18͞DR23 mutations should stabilize the transition state for folding, thereby leading to faster folding than the wild-type protein. This is found: there is an increase in the refolding rate constant, which is well beyond experimental error, from 56.5 Ϯ 2.5 for wild type to 83.9 Ϯ 1.7 for DA23 and 89.8 Ϯ 3.6 s Ϫ1 for KR18͞DR23 (Table  2) . These increases are especially significant considering that overall destabilization of CI2 generally leads to a decrease in the rate constant for folding (6) .
The destabilization of the protein upon mutation (Table 1 ) is reflected in increased rate constants for unfolding of all mutants ( Table 2 ). The denaturant dependencies of the free energy of unfolding and of the refolding and unfolding rate constants (''m-values'') are not significantly affected by the mutations (Tables 1 and 2) , suggesting that the degree of solvent exposure of the denatured, native, and transition states has not been altered substantially (50) (51) (52) . In short, the DA23 mutation increases the stability of the helix and thereby increases the rate of folding, but the mutation prevents stabilizing tertiary interactions in the native state, resulting in destabilization of the protein.
Although the experimental studies support the predictions based on the MD transition state structures, we further tested the predictions by performing explicit simulations of the mutant proteins. For both DA23 and KR18͞DR23, the transition state structures are similar to the wild-type transition state models (Fig. 1) . The C␣ root-mean-square deviations between the wild-type structures in Fig. 1 No new interactions upon mutation are evident in the DA23 mutant transition state structures. This mutation acts by elimination of close interactions between the carboxyl side chain and the main chain carbonyl oxygens of residues 20, 23, and 24. In the KR18͞DR23 mutant, however, in addition to elimination of unfavorable charge interactions, favorable interactions are now possible at the C terminus of the helix and furthermore Arg-23 forms a salt bridge with Glu-7 (Fig. 1) .
Removing Unfavorable Electrostatic Interactions in the Loop Region. Arg-48 extends from the main body of the protein toward the reactive site loop in the native protein, making electrostatic interactions with Thr-39 and the carboxylate of Gly-64 (Fig. 2) . The side chain of Arg-48 is largely buried with only NH 1 and NH 2 partly solvent exposed (the solvent accessible surface areas are 10 and 14 Å 2 , respectively, as calculated by using NACCESS (53) . Arg-48 is found in 16 of 19 CI2 homologues. Arg-46 is inaccessible to solvent except for NH 1 (12 Å 2 ) , and this residue is conserved in all 19 CI2 homologues.
The protease-binding loop region in CI2 is expanded and more loosely packed in the wild-type transition state (6, 14, 19) . Although many of the electrostatic interactions in the loop region are retained in the simulated transition state models, some are weakened or nonnative (Fig. 2) . All four transition state models contain two or three of the Arg residues in close proximity. The orientation of the side chains differs in the four transition state models, however, resulting in an heterogeneous ensemble with many of the native electrostatic interactions in the loop weakened. In addition, there are nonnative interactions between Arg-62 and Arg-48 in the transition state. In the native protein Arg-62 forms a salt bridge with Glu-4, and its distance to Arg 48 is Ͼ10 Å. Yet, in 3 of 4 transition state models Arg-62, together with Arg-48, forms nonnative interactions with the C terminus of Gly 64 (Fig. 2) . The MD simulations thus predict that the native salt bridges and electrostatic interactions are not well optimized in the transition state. It is also noteworthy that the aliphatic portions of the Arg residues remain relatively buried in the transition state models and interact with Ile-30, Leu-32, and Phe-50 (Fig. 2) . The removal of some electrostatically repulsive interactions and the improvement of nonpolar packing would therefore be expected to lower the activation energy for folding and increase the rate of folding.
Because both Arg 46 and 48 are highly conserved, we used sequence homologies between CI2 and its homologues to identify suitable mutations at Arg-48. Arg-48 is conserved in 16 CI2 homologues, two homologues have Phe-48 and the other has Trp-48. Mutation of Arg-48 to Phe retains the possibility of hydrophobic interactions between side chains but removes unfavorable electrostatic interactions between the , which is even greater than the effects of the mutation on overall stability (1.6 Ϯ 0.2 kcal mol Ϫ1 , Table 1 ). The use of sequence homology data for CI2 has thus allowed for the selection of the fastest folding and most stable CI2 protein yet described.
The activation energy for unfolding also is reduced in the RF48 mutant, by 0.7 (Ϯ0.1) kcal mol
Ϫ1
, consistent with two-state folding. As with refolding, the equilibrium and unfolding m-values are not changed by the mutation (Tables 1  and 2 ). Mutations of residue Arg-46 and͞or Arg-48 to Ala or Cys also accelerate the rate of folding of CI2 considerably, up to a folding rate constant of 400 s Ϫ1 (D. E. Otzen, A.G.L., and A.R.F., data not shown). Although these mutations diminish charge repulsion in the transition state, they also remove favorable nonpolar-packing interactions, resulting in less acceleration than RF48. Also, unlike the mutation of Arg-48 to Phe, the mutation of Arg-46 or Arg-48 to Ala or Cys destabilizes CI2 because of the disruption of hydrophobic packing in the native state (D. E. Otzen, A.G.L., and A.R.F., unpublished results). The Arg mutants are not as effective protease inhibitors as the wild-type protein (A.G.L., D. E. Otzen, and A.R.F., data not shown). The conservation of arginine residues at positions 46 and 48 is thus likely to be important for function but detrimental to the rate of folding.
Given the experimental results, the predictions based on the wild-type transition state models appear to be correct. Mutation of Arg-48 to Phe should accelerate folding by improving nonpolar packing interactions with residues nearby in the binding loop and by removing electrostatically repulsive interactions between Arg residues. Consistent with these expectations, Phe-48 forms more extensive packing interactions, particularly with Ile-30 and Phe-50 than Arg-48 ( Fig. 2) in the transition state structures. Removal of the positively charged Arg-48 obviously will eliminate some charge repulsion. Also, however, in the absence of Arg-48, Arg-46 interacts with the C-terminal carboxylate, pulling it down and away from the other Arg residues, adding another mechanism for diminishing charge repulsion (Fig. 2) . Consistent with the m-values for unfolding and refolding, the solvent accessible surface area of the RF48 transition state is within the range of values observed for the wild-type transition state structures (5,555 Å 
CONCLUSIONS
We have used the general structural features of the transition states derived from MD simulations of the unfolding of wild-type CI2 to design faster folding mutants. In doing so, we have, in effect, tested predictions from the simulations and found them satisfactory. Furthermore, we have performed simulations of the mutants and identified mutant transition state structures that allow for further tests of the predictions from the wild-type transition states. This completes the cycle and provides detailed explanations of the effects of the mutations on the rate-limiting transition state for folding͞ unfolding. The consistency of MD simulations of CI2 and of barnase (20) , benchmarked with suitable experimental results, clearly have considerable predictive power for describing the energy landscape of protein folding.
